TACI (transmembrane activator and calcium modulator and cyclophilin ligand interactor) mutations seem to be associated with autoimmunity and common variable immunodeficiency in humans. Because of its role in immune responses, we investigated the association between TACI mutations and infection proneness/asthma symptoms in children. A total of 2372 children were genotyped for TACI mutations (I87N, C104R, S144X, A181E, R202H and ins204A). Serum IgA, IgG and specific IgE levels were determined in children with mutations. Data on parentally reported allergic diseases and infections were collected. In all, 55 individuals with TACI mutations were identified. Children with TACI mutations had a 2-fold increased risk of wheeze at 2 and 4 years of age and a 2.5-fold increased risk of asthma was seen at 4 years of age. None of the children with mutations suffered from IgA deficiency (o0.07 g l À1 ). No significant differences in serum IgG levels or specific IgE were found. Common variants in asthma susceptibility genes may account for up to 40% of cases of childhood-onset asthma, indicating a high contribution, compared with other common disorders. The role of rare variants/mutations in the pathogenesis of asthma is less clear. We conclude that mutations in TACI are the contributing factors for asthma symptoms in Swedish children, although the mechanisms still remain elusive.
Introduction
Despite the identification of hundreds of genetic variants associated with complex diseases, the results from candidate gene studies and genome-wide association studies to date only explain a small proportion of the heritability of many diseases. This fact has sparked questions about the 'missing heritability' and what genome-wide association studies actually can contribute to in terms of finding disease-causing genes and risk prediction. 1 Rare variants or mutations are, by design, not captured by current genome-wide association studies chips and have been suggested to be important for several complex diseases. 2 Few studies have addressed the role of rare variants in the pathogenesis of asthma to date. Reports on filagrin mutations and asthma in the context of eczema, and IL4 mutations and asthma in African Americans, however, point to a potentially important role. 3, 4 The transmembrane activator and calcium modulator and cyclophilin ligand interactor (TACI) is a tumor necrosis factor receptor (TNFR) mainly expressed as type III transmembrane protein not only on activated B cells, but also on human macrophages, mediating their survival. 5 TACI is part of a complex system of receptors and ligands with overlapping binding specificities.
It binds two ligands belonging to the TNF family, APRIL (a proliferation-inducing ligand) and BAFF (B-cell activating factor), both expressed as type II transmembrane proteins that can be cleaved and secreted. 6 BAFF and APRIL are expressed by dendritic cells, monocytes and macrophages. APRIL is also expressed by activated T cell. 7 It is believed that TACI has a central role in the activation of B cells and their differentiation into plasma cells. APRIL and BAFF seem to induce class switch recombination, and isotype switching can occur in naïve B cells. 8, 9 TACI is encoded by TNFR superfamily member 13B (TNFRSF13B) on chromosome 17p11. TACI À/À mice are IgA deficient despite normal B-cell development and have impaired ability to mount thymus-independent responses. 10 This is due to lack of thymus-independent type II-specific plasma cells. 11 TACI also seems to have a negative effect on the regulation of B-cell homeostasis, as TACI À/À mice have an increased number of circulating B cells. 10 The mice also have an increase in lymphomas and autoimmunity, as fatal autoimmune glomerulonephritis, proteinurea and elevated levels of circulating autoantibodies are noted in mice with TNFRSF13B deletions. 12 Alternatively, the absence of TACI results in BAFF receptor-mediated hyperproliferation of autoreactive B cells.
Several recent studies have shown an association between mutations in TNFRSF13B and common variable immunodeficiency (CVID) in humans, [13] [14] [15] reporting TACI mutations in 8-10% of the patients. 13, 14 CVID has an estimated prevalence of 1/25 000 in Caucasians and is characterized by recurrent sinopulmonary infections. The patients have reduced serum levels of IgG and IgA, and reduced IgM levels in 50% of the patients. 16 Patients with homozygous (C104R, S144X and A181E) 13 as well as heterozygous (C104R, A181E, R202H, S194X and ins204A) mutations 13, 14 have all been reported. C104R and A181E account for more than 90% of TACI mutations. Additional rare mutations, including W40R, D41I, D41H, L69T, Y79C, C100L, I87N, C100L, C104Y, A149T, G152E, Y164X, D191G, C193X and V246F, have also been described. 17 Heterozygous TNFRSF13B mutations (G76C, K154X, ins586A) are associated with selected cardiovascular diseases, including intracranial aneurysms and stroke. 18 Because of its role in immune responses/inflammation, we investigated whether there was an association between TACI mutations and infection proneness, and asthma symtpoms in children.
Results
In the present study, 55 children with TACI mutations were identified (Table 1 ) among 1979 successfully genotyped individuals in a population-based birth cohort. In all, 54 children carried heterozygote mutations, whereas one child carried a homozygous A181E mutation with a normal serum level of both IgA (1.1 g l
À1
) and IgG (12 g l
). There was no significant difference in the allele frequency between the children and healthy adult blood donors ( Table 1) .
As TACI mutations have been reported in patients with defects in the immune system, we investigated whether there is an association between mutations in the TACI encoding gene and specific health outcomes during the first 8 years of life. The results are summarized in Table 2 . Children with TACI mutations had an approximately two-fold increased risk of wheeze at 2 (OR (odds ratio), 1.85; 95% confidence interval (CI) 1.02-3.37) and 4 years of age (OR, 2.35; 95% CI 1. 29-4.27 ). In addition, a 2.5-fold increased risk of asthma was seen at 4 years of age (OR, 2.53; 95% CI 1.21-5.29).
As TACI mutations are associated with CVID, we investigated the level of serum IgA at 4 years of age in all children in whom serum was available (1511 children without TACI mutations and 48 children with TACI mutations) and serum IgG in 47 children with TACI mutations. The proportion of children with subnormal IgA serum levels (o0.5 g l
; Karolinska University Laboratory, Stockholm, Sweden) were similar in children with and without TACI mutations (18.8 and 12.6%, respectively, P ¼ 0.27). The mean serum IgA level was slightly, albeit significantly, lower in the 4-year-old children carrying TACI mutations than in those who did not carry mutations (0.70 g l À1 as compared with 0.99 g l À1 , Po0.001). None of the children with mutations suffered from IgA deficiency (o0.07 g l
) at 4 years of age (Figure 1 ), suggesting that selective IgA deficiency is not associated with TACI mutations. IgA levels were also determined at 8 years of age in the children with TACI mutations (n ¼ 47), giving a mean of 1.43 g l
, none suffering from IgA deficiency.
Six individuals with TACI mutations had serum IgG levels below the normal range (o6.1 g l À1 ; Karolinska University Laboratory) at 4 years of age and 12 individuals at 8 years of age. No significant differences in IgG levels were seen in children with mutations with or without wheeze and asthma symptoms ( Figure 2 ). IgE levels for common airborne and food allergens were determined at 4 and 8 years of age in all children included in the study. No significant difference was found between the children with and without TACI mutations at either 4 (OR, 0.95; 95% CI 0.49-1.83) or 8 years of age (OR, 0.63; 95% CI 0.33-1.19).
Discussion
TACI is mainly expressed on B cells and macrophages, mediating their survival. TACI À/À mice are deficient in serum IgA and have an impaired ability to mount thymus-independent responses. The mice also have an increase in lymphomas and autoimmunity. In humans, In CVID patients, heterozygous TACI mutations constitute disease-predisposing rather than disease-causing factors. In contrast, homozygous mutations have been suggested to be exclusively found in CVID patients, and therefore disease-causing. 13, 17 Similar findings have been described in relatives of Spanish CVID patients three individuals with homozygous C104R mutations were shown to have normal IgA levels (albeit somewhat low IgG levels in two of the cases (5.8 g l ). 19 Although it cannot be ruled out that these individuals may later develop CVID, it suggests that even homozygous TACI mutations are disease-predisposing rather than disease-causing. Bearing in mind the high frequencies of TACI mutations in the general population, one would expect approximately 1/5 000-10 000 to be homozygotes or compound heterozygotes TACI mutations in asthma M Janzi et al for disease-associated variants, corresponding to at least 1000 individuals in Sweden. As only 2 of 115 genotyped CVID patients are A181E homozygous (300 CVID patients are diagnosed in Sweden), it appears likely that even homozygous TACI mutations are merely diseaseassociated.
In the present study, we found individuals with four different TACI mutations (I87N, C104R, A181E and R202H; see Figure 3 ). TACI has an extracellular domain containing two cysteine-rich domains (CRDs), each with different functions. The first CRD is involved in the assembly of TACI into multimeric complexes, 20 the second CRD is involved in the binding of APRIL and BAFF. The C104R and the A181E mutation are the two most commonly seen variants in CVID patients. The C104R mutation is located in the second CRD, interfering with the binding of the ligands and therefore the receptor signaling. 13, 14 The A181E mutation is located in the transmembrane domain of TACI and thus, does not affect the binding of the ligands. However, it has been shown, both in vitro and in vivo, that the mutation severely impairs the ligand signaling. 21 This mutation might affect the function of the receptor by changing the geometry of the intracellular domain. 13 Although most individuals with the C104R and A181E mutations are heterozygotes, their B cells have impaired responses to TACI ligation in vitro. 13, 14 The mechanisms by which these two mutations affect the function of TACI are still unknown, but they seem to destroy the capacity of the receptor to activate nuclear factor kB. The I87N mutation is located in the second CRD and is shown to result in residual BAFF binding, which increased with increasing concentrations of ligand, suggesting a decreased ligand-binding affinity of this mutant. 22 Signaling through TACI requires a trimerization of the receptor. [23] [24] [25] It is thus possible that inclusion of even one mutant receptor might affect the signaling by the complex. This might suggest a route of action for the R202H mutation, which is situated in the intracellular part of the protein. The R202H mutation is located in the part of the receptor interacting with the calciummodulator and cyclophilin ligand. 26 The binding of APRIL and BAFF induces class switch recombination. 8, 9 It is suggested that TACI is involved in the class switch recombination to both IgA and IgG in humans. 13 As shown in Figure 4 , children with TACI mutations and reported wheezing have somewhat higher mean IgA level than children with TACI mutations with no wheezing. This may suggest that the wheezing is associated with true asthma symptoms rather than only being triggered by infection. This is further supported by the lack of increase in respiratory syncytial virus infections in children with TACI mutations.
Children in the BAMSE (the Children, Allergy, Milieu, Stockholm, Epidemiological survey) study were recruited from the Stockholm area, and only 16% of the children have one or two parents born outside Scandinavia. 27 We also included ethnicity in the analyses as a potential confounder, but it did not change the interpretation of our results. A subgroup of BAMSE children were also included in the multinational GABRIEL study, and based on genome-wide data, only 3.7% of the children were removed from the GABRIEL study because of potential extra-European ancestry. 28 Taken together, this indicates that population stratification very likely is a minor problem in BAMSE (although subtle stratification could still occur).
Wheeze and asthma symptoms in preschool children are usually triggered by viral infections and it is well established that patients with humoral immunodeficiency are prone to recurrent upper respiratory tract infections. We observed increased risk of early wheeze in children with TACI mutations, but no significant associations were seen with wheeze or asthma at school age (8 years). The lack of association between TACI mutations and sensitization might also argue against a strong role of these mutations in the development of allergy or allergic asthma. Thus, our results speak in favor of a more general immune effect of TACI mutations, affecting early wheeze, rather than atopy (i.e. sensitization) and asthma at later ages. The age limitation may suggest an association with infectious diseases occurring during this period, although no association was seen between TACI mutations and two conditions induced by viruses, pseudocroup and respiratory syncytial virus infection. However, there are numerous viruses affecting the respiratory tract that we did not have the possibility to test for. The observed association between mutations in TACI and early wheeze does not appear to be mediated through subnormal immunoglobulin levels. This is also supported by our previous study in which no association was found between low IgA levels (X0.07-0.49 g l
À1
) and wheeze/ asthma symptoms in Swedish children. 29 Our findings TACI mutations in asthma M Janzi et al suggest that selective IgA deficiency is not associated with TACI mutations, which is in concert with the findings reported by Pan-Hammarströ m et al., 15 and further work is needed to clarify the mechanisms by which TACI mutations may increase the risk of asthma symptoms early in life.
Asthma is a truly heterogeneous condition, and definitions in different age groups of children vary between countries. Our asthma definition is based on symptoms (wheezing) and prescription of inhaled steroids (by far the most common anti-inflammatory medication in Sweden at the time), and has been used in several previous studies. [30] [31] [32] [33] Yet, we acknowledge that some of these children may not have true asthma and rather transient wheezing.
In conclusion, we report an association of rare variants in an immunomodulatory gene to asthma symptoms in early childhood. Common variants in asthma susceptibility genes may account for up to 40% of cases of childhood-onset asthma, indicating a high contribution, compared with other common disorders. 28 The role of rare variants in the pathogenesis of asthma symptoms is, however, less clear, and very few studies on the role of rare mutations in asthma symptoms are available. Our results support the notion that rare variants in specific genes are also important for childhood asthma symptoms.
Patients and methods

Patient samples
The children included in this study are part of a large, population-based, prospective birth cohort (BAMSE) in a predefined area of Stockholm, Sweden. During 1994-1996, all newborns in a predefined area of Stockholm were invited to participate in the prospective BAMSE study. A total of 75% of all children in this area were included (N ¼ 4089). Details about the study design are described elsewhere. 34 At 4 years of age, all children were asked for a blood sample and 2614 samples (71%) were collected. DNA was available for 2372 children and these children were included in the present study.
Ethical approval was obtained from the local ethical review board in Stockholm.
Analysis of TNFRSF13B mutations
We screened the children for the most common TACI mutations (I87N, C104R, S144X, A181E, R202H and ins204A) using matrix-assisted laser desorption/ionisation-time of flight as described previously. 35 Out of 2372 children, 1979 were successfully genotyped and five mutations (I87N, C104R, A181E, R202H and ins204A) were found. Four mutations (I87N, C104R, A181E and R202H) ( Table 1 and Figure 3) were confirmed by resequencing of the implicated exons as described previously. 15, 17 No significant difference in the allele frequency of different TACI variants was found between our population-based cohort of children and healthy adult blood donors ( Table 1) .
Definition of health outcomes
Data on parental allergies were collected from parentanswered questionnaires when the children were an average 2 months old. Questions regarding symptoms related to allergic diseases and infections in their children were answered by the parents at years 1, 2, 4 and 8. Data on major exposure and confounding factors were collected prospectively, that is, at 2 months of age and for breastfeeding at 1 year of age. Pseudocroup and respiratory syncytial virus infection was parent-reported and defined as doctor's diagnosis during the 12 months prior to answering the questionnaire. Parentally reported pseudocroup is defined as a sudden spasm of the larynx that occurs in children and is marked by difficult breathing with prolonged noisy inspiration, normally caused by viral infection. Parentally reported asthma at years 1 and 2 was defined as at least three episodes of wheezing, in combination with treatment with inhaled steroids or signs of hyperactivity. 36 At 4 and 8 years of age, the definition included at least four episodes of wheezing in the last 12 months or at least one episode of wheezing combined with inhaled steroids treatment. 37 Parentally reported wheeze was defined as at least one episode of wheezing in the last 12 months. Sensitization to inhalant allergens was defined as positive Phadiatop (IgE-antibody levels X0.35 kU A l
À1
; Phadia AB, Uppsala, Sweden) against cat, dog, horse, birch, timothy, mugwort, Dermatophagoides pteronyssinus or Cladosporium species. Sensitization to food allergens was defined as positive fx5 (IgE-antibody levels X0.3 kU A l
; Phadia AB) against cow's milk, hen's egg, codfish, soybean, peanut or wheat.
Serum immunoglobulin levels
Serum IgA levels were previously determined in all included children at 4 years of age, using enzyme-linked immunosorbent assay. 29 The serum samples were available for 1511 children without mutations and 48 children with TACI mutations. The levels of serum IgA were also determined in all children with TACI mutations at 8 years of age, in whom serum was available (n ¼ 47), using the same procedure. For determination of IgG levels, 48 serum samples from children with TACI mutations, collected at 4 years of age and 47 serum samples at 8 years of age, were tested using ELISA. Polyclonal rabbit anti-human IgG antibodies (DAKO, Glostrup, Denmark) and alkaline phosphatase-conjugated rabbit anti-human serum IgG antibodies (DAKO) were added at a concentration of 0.6 mg l À1 and 1.1 mg l À1 , respectively. In addition, IgE levels for common airborne allergens (cat, dog, horse, birch, timothy, mugwort, Dermatophagoides pteronyssinus and Cladosporium species) were tested by Phadiatop (IgE-antibody levels X0.35 kU A l
À1;
Phadia AB) and food allergens (cow's milk, hen's egg, cod fish, soy bean, peanut and wheat) by fx5 (IgE-antibody levels X0.35 kU A l À1 ; Phadia AB) in all the successfully genotyped subjects (n ¼ 1979).
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